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Abstract 
The capital cost of a post-combustion capture system using amine-based solvents is directly related to the kinetics of the 
absorption process. Carbon dioxide hydration catalysts and enzymes have shown promise in increasing absorption kinetics. 
However, despite the fast kinetics of the enzyme systems severe limitations exist. We have developed transition metal mimics of 
carbonic anhydrase which circumvent the limitations observed in the enzyme system. Zinc- and cobalt-derived complexes have 
been synthesized that are soluble and stable in amine-based carbon capture solvents, and provide enhancements in the overall 
mass transfer by up to 34%. 
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1. Introduction 
The emission of greenhouse gases such as carbon dioxide (CO2) plays a detrimental role in the environment and 
is believed to play a central role in the increase of the Earth’s surface temperature and ocean acidity. The major 
source of anthropogenic CO2 arises from several industrial processes, with the combustion of fossil fuels for 
electricity being the largest, producing billions of tons of CO2 annually.[1] To reduce CO2 emissions, in January 
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2014, the US EPA released new recommendations that all new coal- and natural gas-burning power plants in the 
USA have an emissions limit of 1,100 lb and 1,000 lb CO2/MWh of electricity generated respectively. Achieving 
these limits requires at least partial implementation of carbon a capture and storage system for coal-fired power 
plants.[2] More recently, in June 2014, the EPA released additional proposed regulations to limit CO2 from existing 
electric utility generating units toward a goal of cutting CO2 emissions from the power sector by up to 30% by 2030, 
using 2005 emissions as a baseline.[3] Ethanolamine, as well as some other primary and secondary amines, can be 
used to capture CO2 through a series of reactions with CO2 and bicarbonate (HCO3–), which forms after initial CO2 
hydration.[4] Increasing the rate of CO2 hydration in amine solvents could increase the mass transfer coefficients of 
a carbon capture system, thereby significantly lowering capital costs for power plant construction. 
In nature, CO2 hydration occurs via metalloproteins termed carbonic anhydrases (CAs) with rate constants up to 
106 M-1s-1, at ambient conditions and at physiological pH.[5] Unfortunately, the frailty of this protein prevents its 
use under industrial conditions, as it denatures at elevated temperatures and is inhibited at high concentrations of 
amine (~30 wt%), which are highly basic and corrosive.[6] This makes CAs ideal candidates for the development 
biomimetic analogues, that are inspired by the structure and reactivity of the native enzyme, but that are suitable for 
use in concentrated aqueous amine-based carbon capture from power plants.  
The development and study of CA mimics for CO2 hydration has been explored by several research groups. The 
generally accepted mechanism of CO2 hydration by CA and model complexes involves the nucleophilic attack by a 
Zn-bound hydroxyl group of a dissolved CO2 molecule, which generates bicarbonate (Figure 1). Significant catalytic 
and mechanistic work has been performed on active site mimics, including [ZnII(cyclen)(H2O)][ClO4]2, which is one 
of the most active.[7] However, work conducted in our laboratories has shown that [ZnII(cyclen)(H2O)][ClO4]2 is 
inactive under conditions for industrial carbon capture, i.e. low CO2 concentrations (~0.14 atm) and high primary 
amine concentrations (~5 M). In addition, it is well known that similar CA mimics are inhibited by coordination of 
anions that block the active site, including bicarbonate.[8] This strong affinity for anion coordination inhibits 
product (bicarbonate) dissociation (Figure 1b, step 4), thereby retarding catalyst activity. These results suggest that 
the utilization of ligand environments to donate electron density into the metal center and facilitate bicarbonate 
dissociation would increase the rate of CO2 hydration.  Herein we report the synthesis, characterization, and activity 
of novel zinc- and cobalt-containing complexes which effectively catalyze the hydration of CO2 in amine-based 
carbon capture solvents. 
 
(a)                                 (b) 
 
Figure 1. (a) Representation of the human carbonic anhydrase active site, (b) proposed catalytic cycle for CO2 
hydration by CA. 
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2. Experimental 
2.1 General Considerations  
Routine NMR spectra were acquired on a Varian Gemini 400 MHz spectrometer (400.392 MHz for 1H;). All 
chemical shifts are reported in parts per million (ppm) relative to TMS at 0 ppm, with the residual solvent peak 
serving as an internal reference. All mass spectra were obtained in the University of Kentucky Mass Spectrometry 
Facility.  Matrix-assisted laser desorption/ionization time-of-flight-mass spectrometry (MALDI-MS) spectra were 
obtained using a Bruker UItraflextreme operated in the Pos ion mode. Electrospray ionization time-of-flight mass 
spectrometry (ESI-TOFMS) was obtained using an Agilent 6224 time-of-flight mass spectrometer operated in the 
Positive(+) ion mode of MeCN-d3/pyridine-d5 solutions. X-ray diffraction data was collected at 90K on either a 
Nonius Kappa CCD diffractometer or a Bruker-Nonius X8 Proteum diffractometer. Crystal indexing and data 
processing were performed either with DENZO-SMN (KappaCCD) or with Bruker APEX2 (X8 Proteum). The 
structures were solved with shelxs-97 and refined with shelxl-97. Elemental analyses were performed by Atlantic 
Microlab, Inc., Norcross, GA. All analyses were performed in duplicate, and the reported compositions are the 
average of the two runs. 
2.2 Representative Procedure for CO2 Absorption Studies  
In a representative procedure, a carbon capture solvent stock solution was prepared containing 0.01 wt% 
antifoam (30-S Antifoam). All subsequent solutions were made from this stock solution. To a 3-necked 250 mL 
round-bottomed flask was added metal catalyst (2-4 mmol) dissolved in the stock solution (25.0 mL). A pH probe 
was immersed into the solution through one neck, and an impinger was immersed into the solution through another 
neck of the flask. The solution was loaded with CO2 by bubbling a water saturated stream of 14 vol% CO2 gas in N2 
supplied through a flow meter (Concoa) at 0.8 L/min through the solution. Reaction progress was monitored by the 
change in pH over time, which decreases as CO2 is absorbed. Controls were performed in which (1) metal salt was 
used instead of catalyst complex and at the same molarity and (2) in which no source of metal was incorporated into 
the solution (called “blank”). 
2.3 Preparation of IL-Salen(I)-Zn Hexafluorophosphate Complex (C3I)  
To a 100 mL round-bottomed flask was added [H2LI]PF6 (5.011 g, 6.680 mmol), EtOH (40 mL), and 
triethylamine (2.0 mL, 14 mmol), which produced a yellow suspension. Zinc chloride (0.952 g, 7.00 mmol) 
dissolved in EtOH (10 mL) was added. The reaction flask was immersed in a silicon oil bath at 85 °C, and the 
yellow slurry was stirred for 4 h, producing a yellow solid which was collected via filtration through a medium 
porosity glass fritted funnel. The yellow powder was washed with EtOH (3 x 30 mL), then with ether (3 x 20 mL), 
and was air dried to give the desired product (4.639 g, 85%)). UV-vis (DMSO) Ȝmax, nm (İ, M-1 cm-1): 263 (14100), 
357 (6000). 1H NMR (400 MHz, DMSO-d6, G):3.73 (s, 2H, =N-CH2); 3.82 (s, 6H, CH3); 3.93 (s, 2H, =N-CH2); 5.20 
(s, 2H, N+-CH2); 5.32 (s, 2H, N+-CH2); 6.89 (d, 1H, J = 8.5 Hz, ArH); 7.26 (m, 2H, ArH); 7.40 (d, 2H, J = 8.5 Hz, 
ArH); 7.51 (s, 1H, ArH); 7.65 (m, 4H, ArH); 8.56 (s, 1H, CH=N); 8.37 (s, 1H, CH=N);  9.11 (s, 2H, ImH). Samples 
for MALDI-MS were prepared from concentrated ammonium hydroxide solutions. MALDI-MS (m/z): 537 
[M+OH]+. Samples of C3I for elemental analysis contained 0.5 molecules of EtOH. EtOH is also observed in the 1H 
NMR. The reported analysis is for [IL-Salen(I)-Zn]((PF6)1.75(Cl)0.25   (W2+ Anal. Calcd for 
C27H31.5Cl0.25N6O2.5P1.75Zn: C, 40.13; H, 3.93; N, 10.40; Zn, 8.09; Found: C, 40.03; H, 4.14; N, 10.42; Zn, 8.14. 
3. Results and Discussion 
Carbonic Anhydrase model systems typically employ a zinc(II) metal center coordinated by a neutral ligand. 
These catalysts are typically studied under conditions far from those observed in carbon capture, such as in dilute 
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solutions, in the absence of a capture solvent, with excess CO2, and many reactions are analyzed via stop-flow 
spectroscopic analysis (Table 1). This imparts a misrepresentation of the catalyst efficacy on improving CO2 
absorption in carbon capture solvents. We utilize a quick screening method, designed as a bench-scale mimic of 
industrial amine based scrubber towers, to test homogeneous catalyst for CO2 hydration under conditions more 
conducive to industrial settings ǻpH, Figure 2). The premise behind this method is that the rate of CO2 absorption 
in amine based absorbents is a function of [solvent] (amine or carbonate based) and [OH–] as well as their respective 
rates and the rate of hydrolysis from water (Eq. 1). In the presence of a catalyst an additional term for the rate and 
concentration of the catalyst must be added (Eq. 2). 
 kେ୓మ =  (kୱ୭୪୴ୣ୬୲)[solvent] +  (k୓ୌ)[OHି] +  kୌమ୓    (1) 
kେ୓మ =  (kୱ୭୪୴ୣ୬୲)[solvent] + (k୓ୌ)[OHି] + kୌమ୓ +  (kୡୟ୲)[cat]  (2) 
Primary and secondary amines are known to have fast rates of reaction with CO2, and may also be utilized in high 
concentrations thereby dwarfing the contributions from hydroxide ions and hydrolysis from water. This makes the 
utilization of a catalyst in primary or secondary amine solvents problematic. In order for the catalyst to contribute to 
the overall rate of CO2 absorption, it requires high catalyst concentration or a rate constant that is orders of 
magnitude higher than any currently reported in literature. 
Table 1. Rates of carbonic anhydrase and literature active site mimics using stop flow. 
Catalyst pH Kcat(M-1s-1) Solvent Method 
CA(Zn) 7 1,100,000 
Carbonate buffer 
Stop-Flow 
CA(Co(III)) 7 305,000 Stop-Flow 
Zn-Cyclen 
7.5 564 HEPES Stop-Flow 
8.5 2154 AMPSO Stop-Flow 
9.11 3012 CHES Stop-Flow 
Zn-Cyclam 
7.5 24 HEPES Stop-Flow 
9 126 AMPSO Stop-Flow 
9.8 172 CHES Stop-Flow 
Zn-NTBSA 9.5 3300 Carbonate buffer Stop-Flow 
 
 
 
 
Figure 2. Schematic representation of the delta-pH testing method apparatus 
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Catalyst inhibition by coordinating anions, including bicarbonate product, has been a major disadvantage in 
many of the CA mimics reported in the literature. This inhibits catalyst turnover and drives the rate-determining step 
to bicarbonate dissociation. We have developed catalysts that contain increased electron density located on the metal 
center to enhance bicarbonate dissociation (Figure 3). For this purpose, we used a salen-like ligand scaffold that was 
modified with ionic liquid moieties to increase water solubility and stability. Upon identification of the potential 
CO2 hydration catalysts, we utilized the pH drop screening method to test catalytic activity under conditions 
conducive to post-combustion carbon capture in two solvent: 1) a tertiary amine; MDEA, and 2) a primary amine; 
MEA. 
 
 
Figure 3. Schematic representation of the core of catalyst C3I. 
 
Passing a stream of simulated flue gas through a solution of ~2.5 mM catalyst C3I dissolved in 0.2 M MDEA at 
ambient temperatures resulted in a more rapid drop in pH value than without catalyst C3I, demonstrating a more 
rapid hydration of CO2 when C3I is utilized (Figure 4a). Tertiary amines such as MDEA are unable to react directly 
with CO2 hence have slow absorption kinetics. Utilization of our catalyst decreases the required resonance time to 
reach saturation by one third. This would result is dramatic savings in capital costs for the absorber tower. Even 
more interesting, is that this catalyst shows rate enhancement in the primary amine MEA. When MEA is used as the 
capture solvent in the presence of catalyst C3I, the required resonance time to reach saturation in reduced by 50% 
(Figure 4b). This is in contrast to previously reported catalysts that are unable to show rate enhancements in primary 
amine solvents. This requires second order rate constants at least an order of magnitude larger than those currently 
reported. The enhancement in mass transfer remains fairly constant over the working range, even at high CO2 
loadings, with a decreased amount of free amines. This is most likely caused by the increase in viscosity and 
decrease in diffusivity at the higher carbon loadings. The majority of the catalyst is in the bulk of the liquid film out 
RI WKHUHDFWLRQ]RQHRIaȝPThe viscosity and diffusivity changes at the higher carbon loadings prevents the 
diffusion of CO2 into the bulk of the solution resulting in a decrease in enhancement at higher carbon loadings. 
 
Figure 4. Deta pH studies of (a) 0.2 MDEA (black) and 2.7 mM catalyst C3I in 0.2M MDEA (red), and (b) 30 wt% 
MEA (black) and 2.7 mM catalyst C3I in 30 wt% MEA (red). 
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4. Conclusion 
In conclusion, we have demonstrated the ability of zinc- and cobalt-derived complexes to enhance the overall 
mass transfer of amine-based carbon capture solvents. These complexes show significant enhancement compared 
current literature complexes such as Zn-cyclen and similar systems, which show no enhancement in primary amine-
based solvents. We propose that increased electron donation from the ligand into the metal center facilitates 
bicarbonate dissociation, which has been identified as the rate limiting step. The observed increase in overall mass 
transfer by our catalyst would result in about a 30% reduction in the overall volume of the scrubber tower resulting 
in significant savings in capital cost. 
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